1. Introduction {#s0005}
===============

Hyperthermophiles are organisms that exhibit growth temperature optima of 80 °C or above [@bib1], [@bib2]. During the last decade there has been enormous attention towards biotechnological and industrial applications of hyperthermophiles. One promising avenue is to use the organisms (or their metabolites) in bio-processing toward production of value-added commodities (*e.g.*, alcohols). However, advances are hindered by the relatively insufficient understanding of the physiology and metabolic pathways of these organisms [@bib3].

Acetohydroxyacid synthases (AHAS, EC 2.2.1.6) are divided into two classes based on their metabolic/physiological roles, substrate specificity and cofactor (FAD) requirements: anabolic and catabolic AHASs [@bib4], [@bib5]. The anabolic AHAS catalyzes the first common step in the biosynthesis of the branched-chain amino acids (BCAA, valine, leucine, and isoleucine) as well as the precursors derived from the same biosynthetic pathway (*e.g.* coenzyme A and pantothenate). The enzyme is relatively prevalent in archaea, bacteria, fungi, algae, and plants, but is absent from animals [@bib6], [@bib7], [@bib8]. It catalyzes two parallel reactions during which one molecule of pyruvate is decarboxylated, and the resulting "active aldehyde" is condensed with a second molecule of either pyruvate or 2-ketobutyrate to produce acetolactate (precursor of valine and leucine) and 2-aceto-2-hydroxybutyrate (precursor of isoleucine), respectively ([Fig. 1](#f0005){ref-type="fig"}). The catabolic AHAS (also known as acetolactate synthase; ALS) has a single subunit with \~60 kDa in size, and is involved in channeling the excess pyruvate to the less inhibitory product 2-acetolactate ([Fig. 1](#f0005){ref-type="fig"}) which can be either decomposed to diacetyl (spontaneously) or be decarboxylated to acetoin by acetolactate decarboxylase [@bib9]. This latter enzyme has only been described from certain bacterial species including *Klebsiella*, *Bacillus* species, and some lactic acid bacteria [@bib5], [@bib10].Fig. 1Biosynthesis pathways of branched chain amino acids and the butanediol pathway (Boxed). TD, threonine deaminase (EC 4.3.1.19); KARI, ketol-acid reductoisomerase (EC 1.1.1.86); DHAD, dihydroxyacid dehydratase (EC 4.2.1.9) ; TA, transaminase (EC 2.6.1.42, EC 2.6.1.66, EC 2.6.1.6); IPMS, 2-isopropylmalate synthase (EC 2.3.3.13); IPMD, isopropylmalate dehydratase (EC 4.2.1.33); IPMDH, 3-isopropylmalate dehydrogenase (EC 1.1.1.85); AD, acetolactate decarboxylase (EC 4.1.1.5); AR, acetoin reductase (EC 1.1.1.4).Fig. 1

All of the anabolic AHASs studied so far are composed of two subunits: a larger active subunit known as catalytic subunit (generally 59--66 kDa) and a smaller (catalytically inactive) subunit known as regulatory subunit (generally 9--35 kDa). The regulatory subunit mediates the regulation of the catalytic subunit through the feedback regulation by one or more of the branched chain amino acids [@bib11], [@bib12]. Compared to the catalytic subunit, the holoenzyme (catalytic and regulatory subunits together) generally shows higher activity, which is also evident by the observation that combining separately purified subunits generally results in reconstitution of the holoenzyme with a several-fold increase of activity [@bib13], [@bib14], [@bib15], [@bib16], [@bib17].

Several anabolic AHASs from various organisms have been characterized including different isozymes (isozymes I, II, and III) from *Escherichia coli* [@bib17], [@bib18], [@bib19], and *Salmonella* [@bib20], *Corynebacterium glutamicum* [@bib21], *Klebsiella pneumoniae* [@bib22]*,* different pathogenic mycobacteria species [@bib23], [@bib24], [@bib25], [@bib26], *Shigella sonnei* [@bib27] and *Haemophilus influenzae* [@bib28], *Saccharomyces cerevisiae* [@bib16], and plants including Arabidopsis (*Arabidopsis thaliana*) [@bib29], and tobacco (*Nicotiana tabacum*) [@bib30]. Considering the absence of the branched chain amino acid (BCAA) biosynthesis pathway in animals, the anabolic AHAS has spurred significant interest as a potential candidate for development of new antimicrobial drugs and herbicides (reviewed in Refs. [@bib31] and [@bib32], respectively).

Very few AHASs have been investigated from extremophilic microorganisms. An oxygen-sensitive AHAS from the mesophilic archaeon *Methanococcus aeolicus* has been characterized [@bib33]. A characteristically similar AHASs has been characterized from the halophilic archaeon *Haloferax volcanii* [@bib34] and moderately thermophilic bacterium *Geobacillus stearothermophilus* [@bib35]. However, so far no hyperthermophilic AHAS has been studied.

*Thermotoga maritima* is the model organism in the order of *Thermotogales* with a growth temperature range of 55--90 °C and an optimal growth temperature of 80 °C [@bib36]. In the present study, AHAS activity was investigated in *Thermotogales*. To our knowledge this is the first report on the biochemical characterization of an *ilv* operon enzyme from a hyperthermophilic bacterium. The genes encoding the hypothetical catalytic and regulatory subunits of AHAS from *T. maritima* were heterologously expressed in *E. coli* and the properties of the purified recombinant enzyme were characterized.

2. Materials and methods {#s0010}
========================

2.1. Microorganisms and plasmids {#s0015}
--------------------------------

*T. maritima* , *Thermotoga hypogea* and *Thermotoga neapolitana* were obtained from German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and were grown under anaerobic conditions in 20 L glass carboys. *T. maritima* was grown anaerobically on glucose and yeast extract at 80 °C as described by Huber et al. [@bib36] using a modified procedure as described elsewhere [@bib37]. *T. hypogea* and *T. neapolitana* cell biomasses were grown on glucose at 70 °C and 77 °C, respectively using the procedure modified from Fardeau et al. [@bib38] as described by Yang and Ma [@bib39].

The growth was monitored by direct microscopic cell enumeration using a *Petroff-Hausser* cell counting chamber (1/400 mm^2^, 0.02 mm deep; Hausser Scientific, Horsham, PA) and a Nikon Eclipse E600 phase-contrast light microscope (Nikon Canada, ON, Canada). The late log-phase cultures were cooled down in ice slurry and centrifuged at 13,000*g* using a Sharples continuous centrifugation system (Sharples equipment division, PA, USA) at 150--200 ml/min. The resulting biomass was snap-frozen in liquid nitrogen and then stored at −80 °C until use.

*E. coli* strains DH5α (BRL, CA, USA) was used for recombinant DNA propagation and *E. coli* BL21 (DE3) Rosetta 2 \[F^−^ *ompT hsdS*B (rB^−^ mB^−^) *gal dcm* pRARE27 (*CamR*)\] (Novagen, WI, USA) was used for overexpression of AHAS subunits under the control of T7 polymerase of the plasmid pET30a (+) (Novagen, WI, USA). The recombinant *E. coli* strains were grown in LB broth (10 g Bacto-Tryptone, 5.0 g yeast extract, 10 g NaCl per liter, pH 7.5) supplemented with kanamycin (30 µg/ml) and chloramphenicol (34 µg/ml) for plasmid maintenance.

2.2. Preparation of cell-free extracts {#s0020}
--------------------------------------

The frozen biomass was thawed in a pre-degassed flask and then re-suspended in anaerobic lysis buffer (10 mM Tris--HCl, 5% glycerol, 2 mM sodium dithionite (SDT), 2 mM DTT, 0.01 mg/ml DNase, and 0.1 mg/ml lysozyme, pH 7.8) with 1:9 ratio (w/v). The suspension was incubated at 37 °C for 1.5--2 h and then centrifuged at 10,000 x *g* for 30 min. The supernatant was transferred to a new anaerobic serum bottle and used as cell-free extract (CFE) for further experiments. To study their impact on activity, thiamine pyrophosphate (TPP) and FAD were included into the composition of the lysis buffer with the final concentrations of 0.1 mM and 0.01 mM, respectively.

2.3. Plasmid construction and expression {#s0025}
----------------------------------------

The genomic DNA from *T. maritima* was isolated for amplification of the genes encoding the catalytic and regulatory subunits of AHAS. Standard procedures were followed for all DNA isolation and downstream manipulation, competent cell preparation and transformation according to the methods described by Sambrook and Russell [@bib40]. The coding sequence of the putative catalytic subunit (TM0548) was amplified using the following synthetic oligonucleotides: the sense primer 5´-ATA*CATATG*GTTCACGTGAAGATGAAAGG-3´ and antisense primer 5´-*TACTCGAG*TCTTTCATCACCTCTCCTGCTCT-3´ with cut sites for NdeI and XhoI, respectively (italicized). The gene encoding the regulatory subunit (TM0549) was PCR amplified using the sense primer 5´-ATA*CATATG*ACGGACCAGATTCGAGAGC-3\' and antisense primer 5\'**-***ATCTCGAG*GAATCCCTCCCCTTCTTTTACG-3´ with NdeI and XhoI sites (italicized), respectively. A total of three expression plasmids were constructed for the expression of catalytic (pETTm0548), regulatory (pETTm0549), and both subunits together (simultaneously and in their native order, pETTm0548/9) of TmAHAS-encoding genes, respectively (see Suppl. [Fig. S1](#s0105){ref-type="sec"}).

There is a significant difference between codon usage of *E. coli* and hyperthermophiles. To rectify the codon bias problem, *E. coli* strain Rosetta 2 BL21 (DE3) was used to supply tRNA for codons AUA, AGG, AGA, CUA, CCC, GGA, and CGG on a chloramphenicol-resistant plasmid. The recombinant AHAS encoding constructs were propagated in *E. coli* DH5α and subsequently transformed into *E. coli* BL21 (DE3) Rosetta 2 cells.

The *E. coli* Rosetta 2 cells harboring the recombinant plasmids were grown in a 4 L flask at 37 °C with shaking at 200 rpm until the OD~600~ reached 0.6--0.8. The cultures were then induced with 0.4 mM of IPTG. The induced cultures were then incubated at 30 °C overnight. The biomass of the recombinant strain was then harvested by centrifugation at 10,000*g* for 30 min at 4 °C using a RC6-plus centrifuge in a SLA-3000 rotor (Thermo Scientific, MA, USA). After collection and weighing, the cell-pellets were snap-frozen in liquid nitrogen and stored at −80 °C until use.

2.4. Purification of recombinant catalytic subunit {#s0030}
--------------------------------------------------

The purification steps were carried out at room temperature and under anaerobic conditions unless otherwise specified. SDS-PAGE and AHAS activity assay were used to determine the purity of the proteins at each step. Three different preparations were analyzed on the gel depending on the extent of treatment: the crude cell extract (CCE) resulted from lysis of cells in the lysis buffer, the cell-free extract (CFE) was the supernatant from centrifugation of CCE; and heat-treated crude cell extract (HTCCE) was the supernatant resulting from centrifugation of heat-treated CCE at 80 °C for 1 h. The cell lysis was achieved by thawing the cell pellet in lysis buffer. The suspension was incubated at room temperature for 90 min to promote the cell lysis and then 0.01 mg/ml DNase I and 5 mM MgCl~2~ were added. Incubation continued for another 30 min. The lysate was then heat-treated to denature the native host proteins. The lysate was clarified by centrifugation (10,000 x *g* for 30 min at 4 °C) and the supernatant was collected.

The catalytic subunit was purified by loading heat treated CFE on a DEAE-Sepharose column, and the AHAS active fractions were eluted at 275--370 mM of sodium chloride, which were pooled and loaded on a hydroxyapatite (HAP) column. The AHAS active fractions were eluted from HAP column at 180--230 mM sodium phosphate concentration. After HAP column the catalytic subunit was pure as judged by SDS-PAGE. Approximately 1 mg purified recombinant protein was obtained from each gram (wet weight) of the *E. coli* cells.

2.5. Purification of recombinant regulatory subunit {#s0035}
---------------------------------------------------

The recombinant regulatory (small) subunit was expressed mostly as insoluble inclusion bodies (IBs) under normal growth conditions. It was then purified by using denaturing IMAC followed by on column renaturation as described previously [@bib41]. To solubilize the IBs, 5 M urea was incorporated into the composition of lysis buffer \[10 mM Tris--HCl, 1 mM EDTA, 50 mM sodium chloride, 5% (v/v) glycerol, 0.5 mg/ml lysozyme, 1 mM SDT and 1 mM DTT, 1 mM TPP, and 10 µM FAD, pH 7.8\] and buffer A (20 mM Tris--HCl, 0.5 M NaCl, 5 M urea, 10 mM imidazole, 5% glycerol, 1 mM SDT, and 1 mM DTT, pH 8.0). The cells were lysed using the same procedure as for the catalytic subunit.

After the heat precipitation step (80 °C for 1 h), the CFE was loaded on a Ni Sepharose™ High Performance column (GE Healthcare, QC, Canada) equilibrated with buffer A (20 mM Tris--HCl, 0.5 M NaCl, 5 M urea, 10 mM imidazole, 5% glycerol, 1 mM SDT, and 1 mM DTT, pH 8.0). On column refolding was achieved by applying a linear gradient of urea from 5 M (Buffer A) to 0 M (Buffer B: 20 mM Tris--HCl, 0.5 M NaCl, 10 mM imidazole, 5% glycerol, 1 mM SDT, and 1 mM DTT, pH 8.0), and then the recombinant protein was eluted by applying a gradient of imidazole from 10 mM (Buffer B) to 250 mM (Buffer C: 20 mM Tris--HCl, 0.5 M NaCl, 250 mM imidazole, 5% glycerol, 1 mM SDT, and 1 mM DTT, pH 8.0).

2.6. Enzyme activity assay {#s0040}
--------------------------

The AHAS activity assay procedure was a modification of the discontinuous colorimetric method of Singh et al. [@bib42]. The AHAS activity was determined by measuring the production of acetolactate from pyruvate upon its decarboxylation to acetoin or diacetyl under high temperature and acidic condition. The products of decarboxylation would react with the guanidino groups of creatine under alkaline conditions creating a cherry red colored complex, which can be quantified [@bib43]. The enzymatic reactions were carried out in 8 ml vials at 80 °C. The CFEs prepared from *E. coli* Rosetta 2 strain (the expression host) transformed with an empty blank pET30a vector were used as blank.

The assay mixture (1 ml final volume) containing 100 mM sodium phosphate (pH 7.0), 10 mM MgCl~2~, 2.5 mM TPP, 50 mM sodium pyruvate, and 10 µM FAD was pre-heated by incubation at 80 °C water bath for 4 min before starting the reaction by adding the enzyme. The final concentration of 2-acetolactate was determined using a calibration curve prepared by linear regression of known concentrations of acetoin processed under same assay conditions. A linear correlation between the activity and the amount of protein in the assay was determined. The assay vials were incubated in the water bath (80 °C) for 30 min after adding the enzyme, and the reaction was quenched by adding sulfuric acid (50% v/v) to a final concentration of 0.85%. The assay solution was then incubated at 60 °C for 15 min to allow transformation of the acetolactate to acetoin (chemical decarboxylation). The amount of the acetoin produced was quantified by adding 0.5% (w/v) creatine (final concentration 0.17%) and 5% (w/v) 1-naphthol in 4 N NaOH (final concentration 1.7%). The mixture was incubated at 60 °C for 15 min and then at room temperature for another 15 min with frequent mixing followed by centrifugation for 2 min at 10,000 x *g*. The enzyme activity was determined by measuring the absorbance change at 525 nm using a Genesys 10 UV--vis spectrophotometer (Thermo Scientific, MA, USA). One unit of activity was defined as the formation of 1 µmol of acetolactate per min under these conditions.

2.7. Biochemical and biophysical characterization {#s0045}
-------------------------------------------------

To investigate the pH dependency, the AHAS activity was assayed at different pH values ranging from 4.0 to 11.0. The pH values expressed throughout this manuscript were adjusted and measured at room temperature. In each case, assays were carried out at 80 °C, using 100 mM buffers as described previously. For pH values between 4 and 5.6, sodium acetate (pKa= 4.8, ΔpKa/°C=0.0002) was used. Sodium phosphate (pKa=7.2, ΔpKa/°C=−0.0028) was used for pH values 6.0, 7.0, and 7.5. EPPS (pKa=8.0, ΔpKa/°C=−0.015) covered pH values 7.5, 8.0, 8.5 and 9.0 and glycine buffer (pKa= 9.6, ΔpKa/°C=−0.0025) was used for the pH values 9.0, 9.5, 10.0, and 10.5. Finally for the pH points of 10.0, 10.5, and 11.0 CAPS buffer (pKa=10.4, ΔpKa/°C=−0.009) was used.

To determine the steady-state kinetic parameters, enzyme assays were performed at optimum pH. The kinetic parameters were determined for pyruvate (5--125 mM), TPP (0.05--4 mM), and FAD (0.05--40 µM) by applying various concentrations of each component while keeping the concentrations of other assay components at saturation. The kinetic parameters were calculated from the best fit of the results to the Michaelis--Menten equation by non-linear regression using SigmaPlot® software (SYSTAT Software Inc., CA, USA).

The oxygen sensitivity of each activity was determined by exposing an enzyme aliquot to ambient atmosphere at 4 ºC by gentle stirring and comparing the enzyme activity at different time courses with the control kept under anaerobic conditions. Both of the enzyme samples were protected from light through the experiments. The temperature dependence of enzyme was determined by measuring the activity at different temperatures ranging from 30 to 95 °C. Thermal stability of the enzyme was determined by incubation of an anaerobic enzyme preparation and determining the residual activity at different time points compared to unheated control. The light sensitivity of the recombinant enzyme was also tested. TmAHAS aliquots were incubated under anaerobic conditions with one exposed to light and the other vial protected from the light by aluminum foil.

2.8. Reconstitution of TmAHAS {#s0050}
-----------------------------

The purified catalytic and regulatory subunits of recombinant TmAHAS were combined in various molar ratios, incubated both at low temperature (ice bath) or heat treated (80 ºC) for various periods of time and then were loaded on a size-exclusion chromatography column (2.6×60 cm) of HiLoad Superdex-200 (GE healthcare, QC, Canada) pre-equilibrated with buffer C (50 mM Tris--HCl, 5% glycerol, 100 mM KCl, pH 7.8) at a flow rate of 2 ml/min. The enzyme activity of the reconstituted holoenzyme was then determined.

2.9. Other methods {#s0055}
------------------

When necessary the anaerobic procedure were followed as described previously [@bib44]. The protein concentration was determined using the Bradford dye-binding assay [@bib45] with bovine serum albumin (BSA) as the standard. The apparent Mr of the purified catalytic and regulatory subunits were estimated by loading the concentrated individual proteins on a size exclusion chromatography column (2.6×60 cm) of HiLoad Superdex-200 (GE healthcare, QC, Canada) pre-equilibrated with buffer C (50 mM Tris--HCl, 5% glycerol, 100 mM KCl, pH 7.8) at the flow rate of 2 ml/min. The following standards from Pharmacia protein standard kit (Pharmacia, NJ, USA) were applied to the column: blue dextran (2,000,000 Da), thyroglobulin (669,000 Da), ferritin (440,000 Da), catalase (232,000 Da), aldolase (158,000 Da), bovine serum albumin (67,000 Da), ovalbumin (43,000), chymotrypsinogen A (25,000) and ribonuclease A (13,700).

3. Results {#s0060}
==========

3.1. AHAS in *Thermotogales* {#s0065}
----------------------------

Genes encoding the enzymes involved in the biosynthesis of BCAAs were searched from accessible genome sequences of various *Thermotogales*. The *ilv* operon was found to be present in genomes of *T. maritima* (GenBank accession number NC_000853), *Thermotoga thermarum* (GenBank accession number NC_015707), *T. neapolitana* (GenBank accession number NC_011978), *Thermotoga naphthophila* (GenBank accession number NC_013642), *Thermotoga petrophila* (GenBank accession number CP000702), and *Thermotoga* sp. strain RQ2 (GenBank accession number NC_010483) (see Ref. [@bib46]). Only the genome of *Thermotoga lettingae* (GenBank accession number NC_009828) had no recognizable *ilv* operon, which is in accordance with organism's auxotrophy for leucine, valine, and isoleucine [@bib47]. The CFEs of *T. maritima*, *T. hypogea*, *and T. neapolitana* contained 100±9, 17.4±2, and 18±1.4 mU/mg of AHAS activity, respectively.

The sequences of the genes encoding AHASs from different microorganisms are quite conserved, and more than 90% amino acid sequence identity is observed among *Thermotogales* (Suppl. [Fig. S2](#s0105){ref-type="sec"}). The only exceptions are the catalytic and regulatory subunits of *T. thermarum* exhibiting about 47% overall amino acid identity to those of other *Thermotoga* species (Suppl. [Fig. S2](#s0105){ref-type="sec"}). Overall the bacterial and archaeal catalytic subunits can be divided into two different groups (Suppl. [Fig. S2](#s0105){ref-type="sec"}A); the regulatory subunits seem not to follow such a trend (Suppl. [Fig. S2](#s0105){ref-type="sec"}B).

The catalytic and regulatory subunits of AHAS in bacteria are encoded by *ilvB* and *ilvN*, respectively. In *T. maritima* (and most other *Thermotogae*), the first gene in the *ilv* operon is the gene encoding catalytic subunit (*ilvB*) of AHAS, followed by the gene encoding regulatory subunit (*ilvN*) and then other genes involved in biosynthesis of the branched chain amino acids in the following order: ketol-acid reductoisomerase (*ilvC*), dihydroxy-acid dehydratase (*ilvD*), 2-isopropylmalate synthase (*leuA*), 3-isopropylmalate dehydratase large and small subunits (*leuC* and *leuD*), and 3-isopropylmalate dehydrogenase (*leuB*) ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Gene organization of the *ilv* gene cluster in *T. maritima.* The filled arrows indicate the genes encoding enzymes involved in BCAA biosynthesis. The black arrows are the hypothetical genes encoding the catalytic and regulatory subunits of AHAS. Abbreviations: *ilvB*: catalytic subunit of acetohydroxyacid synthase (AHASL); *ilvN*, regulatory subunit of acetohydroxyacid synthase (AHASS); *ilvC*, ketol-acid reductoisomerase (KARI); *ilvD* ; dihydroxy-acid dehydratase (DHAD); *leuA,* 2-isopropylmalate synthase (IPMS); *leuC* 3-isopropylmalate dehydratase large subunit (IPMDL); and *leuD*, 3-isopropylmalate dehydratase small subunit (IPMDS).Fig. 2

3.2. Expression of AHAS-encoding genes {#s0070}
--------------------------------------

The construct pETTm0548 produced soluble recombinant protein. The addition of FAD, TPP, and MgCl~2~ either to the culture medium or the lysis buffer had no noticeable effect on the expression levels or the solubility of the heterologously expressed catalytic subunit. The regulatory subunit expressed from pETTm0549, on the other hand, showed low solubility and mainly was aggregated in the insoluble fractions. In the case of the construct pETTm0548/9, only the catalytic subunit was expressed as a soluble protein, though the yield of the regulatory subunit was very low, suggesting the possible proteolysis or incomplete translation of the subunit (Ref. [@bib46]). Altering the expression conditions, namely the temperature and IPTG concentration (0.1--0.5 mM), growing the recombinant strain in the presence of different glycerol concentrations (0--40%), incorporation of TPP, FAD, and MgCl~2~ (together or individually), as well as expression and cell lysis in the presence of detergents did not improve solubility of the small subunit (data not shown).

3.3. Purification of recombinant TmAHAS subunits {#s0075}
------------------------------------------------

Heat-induced precipitation (heat-treatment) has been used for purification of various recombinant thermostable proteins. During heat-treatment, majority of mesophilic host proteins are denatured and aggregated, rendering the recombinant thermostable protein in soluble fraction [@bib48] (see Ref. [@bib46]).

The recombinant catalytic subunit was purified approximately 30-fold to purity ([Fig. 3](#f0015){ref-type="fig"}A) with specific activity of 160±27 U/mg ([Table 1](#t0005){ref-type="table"}). The effects of growth temperature (Ref. [@bib46]) and heat-treatment temperatures on yield of the soluble protein and enzyme activity were also optimized (Ref. [@bib46]). Incubation of CCEs at either 70 or 80 ºC resulted in enhanced AHAS activity with the highest activity achieved after 1 h of incubation, longer treatments resulted in reduced activity.Fig. 3SDS-PAGE analysis of the purified proteins. (A) The catalytic subunit on 12.5% SDS-PAGE and with lane M, pre-stained protein ladder, Lane 1, 2 µg of the purified protein; lane 2, 4 µg of the purified protein. (B) The regulatory subunit of TmAHAS on 15% SDS-PAGE with Lane 1, 8 µg of the purified protein; lane 2, 4 µg of the purified protein; lane M, pre-stained protein ladder.Fig. 3Table 1Purification of recombinant catalytic subunit of TmAHAS.[a](#tbl1fna){ref-type="table-fn"}Table 1StepTotal protein (mg)Total activity[b](#tbl1fnb){ref-type="table-fn"} (Units)Specific activity (U/mg)Purification (fold)Recovery (%)Crude extract117563455.41100Heat-treatment138488231.15.876.9DEAE53380870.813.260.1HAP21330216330.252.1[^2][^3]

Although expressed as His-tagged recombinant proteins, the purity of the catalytic subunit was improved considerably when it was purified by loading on DEAE and HAP columns instead of IMAC columns (data not shown), resulting in approximately 1 mg purified recombinant protein from each gram (wet weight) of *E. coli* cells. A typical purification of the catalytic subunit is summarized in [Table 1](#t0005){ref-type="table"}.

Since small subunit has no enzymatic activity, its purity was determined by SDS-PAGE analysis of the chromatography fractions. The small subunit was expressed mostly as insoluble inclusion bodies as judged by SDS-PAGE analysis (data not shown), which was expectable based on a previous report pertaining to expression of the same protein [@bib41]. The re-solubilization of the small subunit was then achieved by purification under denaturing conditions using IMAC and subsequent on-column refolding of the denatured protein ([Fig. 3](#f0015){ref-type="fig"}B).

3.4. Molecular weights of the recombinant proteins {#s0080}
--------------------------------------------------

The recombinant catalytic subunit (calculated molecular mass was 65,497 Da and estimated molecular mass on SDS-PAGE was 66,398±7,700 Da) was eluted as a single peak and corresponded to molecular mass of 156,830±6,200 Da, indicating a dimeric structure. The regulatory subunit (calculated molecular mass was 20,508 Da and estimated molecular mass on SDS-PAGE gel 22,210±3,540 Da) had a native molecular mass of 37,700±413 Da determined using size-exclusion chromatography, suggesting a dimeric structure for the small subunit. Increasing the salt concentration of the elution buffers from 150 to 500 mM had no effect on protein elution profile.

3.5. Catalytic properties {#s0085}
-------------------------

The purified AHAS showed maximum activity at pH 7.0 in sodium phosphate buffer ([Fig. 4](#f0020){ref-type="fig"}A). The steady-state kinetic parameters of the catalytic subunit were determined for substrates pyruvate, TPP, and FAD at pH 7.0 and 80 °C ([Table 2](#t0010){ref-type="table"}). It showed the highest specific activity among any native or recombinant AHAS reported so far (see [Table 3](#t0015){ref-type="table"}). The purified enzyme showed the highest activity at 85 °C, which decreased at higher temperatures. Accordingly, the corresponding Arrhenius plot showed a transition point at 85 °C. An *E*~act~ value of 69 kJ/mol was calculated for the enzyme over a temperature range of 60--85 °C ([Fig. 4](#f0020){ref-type="fig"}B).Fig. 4Effect of pH and temperature on AHAS activity. (A) To determine the optimal pH, the AHAS activity was determined in ● sodium acetate buffer (pH values 4.0, 5.0, and 5.5), ○ sodium phosphate buffer (pH 6.2, 7.0, 7.5, and 8.0), ▼ EPPS (pH 8.0, 8.4, 9.0, and 9.5), ∆ glycine (pH 9.5 and 10), and ■ CAPS (pH 10.5 and 11.0). The relative activities of 100% equals to the highest measured specific activity (114 U/mg) at 80 ºC in sodium phosphate buffer, pH 7.0. (B) To determine the temperature dependence, the reaction vials were incubated at each temperature for 4 min before starting the reaction by adding the enzyme. The inset shows the Arrhenius plot based on the linear part of the plot B (temperatures 60--85 ºC). The relative activity of 100% equals to the highest measured specific activity (235 U/mg) at 85 ºC.Fig. 4Table 2Apparent kinetic parameters for AHAS activity of the catalytic subunit.Table 2SubstrateApparent *K*~m~ (µM)Apparent *V*~max~ (U/mg)*k*~cat~ (s^−1^)Pyruvate16,400±2000246±798TPP57±6.0242±497FAD0.15±0.07134±1154Table 3Catalytic and structural properties of AHAS from different organisms.[a](#tbl3fna1){ref-type="table-fn"}Table 3**OrganismsSubunitsApparent*****K***~**m**~**forSpecific activity (U/mg)**[b](#tbl3fnb2){ref-type="table-fn"}**EnzymeReferenceCatalyticRegulatoryPyruvate (mM)TPP (µM)Mg**^**2+**^**(µM)FAD (µM)***Mycobacterium avium*66182±0.27.5±0.4NR0.14R[@bib25]*Haemophilus influenza*63NR9.213.6NRNR1.5R[@bib28]*Shigella sonnei*65NR8.10.011800.12R[@bib27]*Mycobacterium tuberculosis*NRNR1.6±0.41.4±0.3NRNR4.6R[@bib24]*Escherichia coli* Isozyme I60.411.13.7NRNR7600.4R[@bib11], [@bib64]*Escherichia coli* Isozyme II59.39.65.0±0.5 2.60.65±0.03 1.10.01±0.002 3.80.17±0.04 NR20 52.7R[@bib65][@bib17]*Escherichia coli* Isozyme III63.017.511.5±1.418±33300±8002.2±0.52.6R[@bib18], [@bib19]*Saccharomyces cerevisiae*\~70408.6±1.41102800.349±1.8R[@bib16]*Arabidopsis thaliana*[c](#tblt0015-fn3){ref-type="table-fn"}61NR11.7±0.625.3±1.4198±191.5±0.227.9R[@bib29], [@bib66]*Nicotiana tabacum*[c](#tblt0015-fn3){ref-type="table-fn"}NRNR8.1--12.880-210NR1.4--2.62.8--3.4R[@bib67]*Bacillus stearothermophilus*[c](#tblt0015-fn3){ref-type="table-fn"}62.418.78.8±1.25.5±0.820±3NR9.2R[@bib35]*Corynebacterium glutamicum*6715.48.4NRNRNR0.37N[@bib68], [@bib69]*Methanococcus aeolicus*65196.81.63001.339.3N[d](#tblt0015-fn4){ref-type="table-fn"} R[@bib33], [@bib54]*Haloferax volcanii*50NR25.5±58.7±0.9NRNR0.005N[@bib34]*Salmonella typhimurium*599.710.6±0.71.5±0.222±40.8±0.125.3R[@bib20]*Thermotoga maritima*65.52016.4±1.956.5±5.6NR0.15±0.07134±11RThis study[^4][^5][^6][^7]

The AHAS activity was dependent on the ionic strength of the buffer and diminished considerably (approximately 80%) when assayed in buffers with less than 100 mM concentrations. At concentrations higher than 100 mM the activity levels were quite similar (up to 500 mM was tested), suggesting it might be needed to maintain the functional oligomeric state of the enzyme. The gel-filtration of the purified catalytic subunit at different salt concentrations (150--500 mM) showed no difference in elution profile.

TmAHAS was not oxygen sensitive; however stirring had detrimental effects on activity. When stirred, both aerobic and anaerobic CFE aliquots lost major portion of their activity at almost the same rate resulting in a time required for the loss of its 50% activity (*t*~½~) to be about 18 h (data not shown). The purified recombinant AHAS had a t~½~-value of 30 min and 110 min when moderately stirred in the presence and absence of oxygen, respectively (Ref. [@bib46]). When the purified enzyme was kept on ice without stirring and under anaerobic conditions, it was fairly stable and lost only 35--40% activity after 5 days (Ref. [@bib46]).

There are few reports on light sensitivity of the anabolic AHASs due to "FAD-mediated photo oxidation" [@bib5], [@bib17]. The enzyme assay on exposed and non-exposed preparations showed no difference in the specific activities over 8 h (data not shown). Therefore, it seemed that light exposure had no negative effect on the activity of the TmAHAS.

3.6. Reconstitution of holoenzyme {#s0090}
---------------------------------

The purified catalytic and regulatory subunits were mixed under anaerobic conditions and with different molar ratios. The reconstitution of the holoenzyme had evident impact on AHAS activity, which resulted in a 1.5-fold increase in the AHAS activity with a 1:5 ratio of catalytic to regulatory subunit. No further increase was observed by increasing ratios of catalytic to regulatory subunit up to 1:50 (Ref. [@bib46]).

When the purified large and small subunits were loaded on size-exclusion column separately, each eluted out at their expected elution volumes (Ref. [@bib46]), corresponding to 160 kDa and 50 kDa, respectively. When catalytic and regulatory subunits were mixed together in a molar ratio of 1:10 and pre-incubated at room temperature for 30 min before being loaded on size-exclusion column, the peak corresponding to catalytic subunit was disappeared and a new peak with higher molecular mass appeared in a position equivalent to an apparent molecular size of the holoenzyme at approximately 230 kDa (Ref. [@bib46]), which was suggestive of reconstitution of holoenzyme in higher oligomeric state as expected. It seems then the holoenzyme is composed of two catalytic and two regulatory subunits (α~2~β~2~). This is in accordance with findings on some mesophilic AHASs including AHAS III of *E. coli* [@bib18].

4. Discussion {#s0095}
=============

Ther*motogales* are able to use both carbohydrates (simple and complex) and peptides as sources of carbon and energy [@bib49], and many of them are capable of *de novo* synthesis of amino acids required for growth. Anabolic AHASs are required for BCAA biosynthesis. Although they are relatively well studied in plants and a number of mesophilic bacterial pathogens ([Table 3](#t0015){ref-type="table"}), but none has been characterized from any hyperthermophilic microorganism. *T. maritima* is shown not to require any BCAA in the growth medium, suggesting it is equipped with the enzymes required for the biosynthesis of these amino acids [@bib50]. The genes encoding its AHAS were successfully cloned and overexpressed in *E. coli*. The purified catalytic subunit of TmAHAS had the highest AHAS specific activity compared to any other AHAS studied so far ([Table 3](#t0015){ref-type="table"}). The regulatory subunit was expressed mostly as inclusion bodies, which is similar to mesophilic ones [@bib41], [@bib51], [@bib52]. However, the inclusion bodies became soluble after the denaturation and renaturation steps.

The activity of the recombinant TmAHAS increased significantly following heat-treatment (Ref. [@bib46]), indicating the thermal activation of the recombinant protein. Thermal activation has been observed in other heterologously expressed hyperthermophilic proteins. A typical example is the alcohol dehydrogenase (AdhC) from the hyperthermophilic archaeon *P. furiosus* expressed in *E. coli*. In this case the homotetrameric recombinant protein does not attain the correct configuration unless a heat-treatment step is applied [@bib53].

Similar to AHASs studied from different organisms which have pH optima between neutral to basic (pH values 7--9), the optimal pH for the activity of the recombinant TmAHAS was found to be 7.0 ([Fig. 4](#f0020){ref-type="fig"}A). Although there are reports of oxygen sensitivity of AHAS isolated from the mesophilic archaeon *M. aeolicus* [@bib33], [@bib54], the enzyme from *T. maritima* seems to be tolerant towards oxygen. Instability of the native and recombinant AHAS has been reported specially for the fungal anabolic AHASs [@bib5]. The oxygen sensitivity of the AHAS in *M. aeolicus*, cannot be explained [@bib54], but possibly it is related to the enzyme\'s high cysteine contents (12 cysteine residues compared to 3 residues in TmAHAS). The optimal temperature of 85 °C found in this study ([Fig. 4](#f0020){ref-type="fig"}B) is the highest reported for any AHAS so far. TmAHAS was thermostable when kept under anaerobic conditions without stirring ([@bib46]). Further study is required to understand the mechanism of TmAHAS inactivation under stirring.

The FAD-dependence is a perplexing feature of the anabolic AHASs, as the enzyme is not catalyzing any redox reaction. The anabolic AHASs contain one molecule of FAD per catalytic site [@bib12]. Based on experiments with FAD-analog molecules [@bib13], it has been suggested that the role of the FAD is merely structural (and not catalytic). This may be further supported by the fact that the catabolic version of the enzyme (ALS) is completely FAD-independent, despite catalyzing the same reaction and having similar crystal structures [@bib4], [@bib55]. A putative FAD-binding motif (RFDDR) has been shown to be associated with FAD-dependence in anabolic AHASs from different mesophilic organisms [@bib56]. The motif is generally conserved as RFSDR in *Thermotogales*, and RWSDR in *Thermococcales* but only in members of the genus *Pyrococcus* that have the gene cluster ([Fig. 5](#f0025){ref-type="fig"}A). The apparent *K*~m~ of FAD for TmAHAS ([Table 2](#t0010){ref-type="table"}) was close to that of most other AHASs characterized (See [Table 3](#t0015){ref-type="table"}). The catalytic subunits of all AHASs contain a typical TPP-binding motif (GDGX~24--26~N) ([Fig. 5](#f0025){ref-type="fig"}B). This highly conserved motif is a common feature of all TPP-dependent enzymes [@bib57].Fig. 5Conserved motifs in AHASs. The highly conserved motifs in AHASs are boxed: (A) The FAD-binding motif (boxed). (B) and TPP-binding motif (boxed). The AHAS amino acid sequences of different thermophilic and mesophilic organisms were aligned using MegAlign software (Lasergene, DNAStar, Madison, USA).Fig. 5

In most anabolic AHASs studied so far, mixing the individually expressed catalytic and regulatory subunits resulted in reconstitution of the holoenzyme with full activity. The reconstitution process is reported to be a rapid and cooperative process and follows the hyperbolic saturation kinetics with a 1:1 stoichiometry [@bib5], [@bib25], [@bib35]. The impact of the regulatory subunit on full activation of the enzyme is usually large but diverse, depending on the source of the enzyme. In case of the AHAS III from *E. coli* the catalytic subunit alone shows only about 5% of the activity of the holoenzyme [@bib18]. Reconstituted yeast AHAS has an increase of about 7--10-fold in the specific activity [@bib16]. Reconstituted holoenzyme of *A. thaliana* showed at least 2--3-folds increase over catalytic subunit alone. For all AHASs studied, the cofactor requirement and substrate specificity of the catalytic subunit is similar to the holoenzyme [@bib5], [@bib58].

The enzymatically active unit of the recombinant catalytic subunit of TmAHAS seems to be a dimer. This is in agreement with previous finding that the minimal functional unit of TPP-dependent enzyme has to be a dimer to accommodate the active site in the interface between the two subunits [@bib14], [@bib18], [@bib59], [@bib60]. The recombinant catalytic subunits of AHAS isozyme II from *E. coli* is such an example [@bib17]. Mixing the purified catalytic and regulatory subunits of TmAHAS led to increased AHAS activity (Ref. [@bib46]). Such reconstitution of the holoenzyme also resulted in higher oligomeric states, which is similar to those in mesophilic AHASs such as *E. coli* AHAS III [@bib18]. Because of high propensity of the regulatory subunit for aggregation, it has been suggested that it is involved in the process of oligomerization and enzyme reconstitution [@bib25].

Most of the commercially available amino acids are synthesized through microbial processes, largely through fermentation using the genetically improved strains of *E. coli* or *C. glutamicum* [@bib61], [@bib62], [@bib63]. Considering the key role of the AHAS in biosynthesis of the BCAAs, these enzymes are of great importance in the amino acid fermentation industry. The characterization of the TmAHAS may as well provide great potentials towards the metabolic engineering of amino-acid producing organisms for the amino-acid fermentation industry.

Appendix A. Supplementary material {#s0105}
==================================
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[^1]: Present address: Structural Genomics Consortium, University of Toronto, Toronto, Ontario, Canada.

[^2]: CFE was prepared from 20 g (wet weight) of the recombinant *E. coli* strain pETTm0548.

[^3]: Expressed as µmoles of acetolactate produced per min per milligram of the enzyme.

[^4]: NR: not reported; R, recombinant; N, native enzyme.

[^5]: Expressed as µmoles of acetolactate produced per min per milligram of enzyme.

[^6]: The kinetics parameters are only reported for the catalytic subunit.

[^7]: The kinetic parameters are reported for the native protein.
